The mineralization of solutions containing azo dyes Acid Violet 7 (AV7) and Reactive Black 5 (RB5) in aqueous solutions using electro-Fenton (EF) and Photo electro-Fenton (PEF) methods were determined. The electrochemical system includes a glassy carbon mesh electrode (cathode) with a concentric outer steel mesh as anode. The optimized parameters were: 0.01 mM of Fe 2+ ions, and 250 mA of applied current at pH 3. All experiments were made at 35ºC. The degradation was evaluated by color removal and total organic carbon (TOC) decay for solutions of 250 mg L -1 of both cases. The results indicate that the system achieves a degradation efficiency for both dyes proposed, being observed a quickly decolorization of the solutions and the complete transformation of organic compounds to carbon dioxide. The efficiency process and decoloration kinetic constant were evaluated. Generated carboxylic acids such oxalic, oxamic, citric and maleic were found by ion exclusion chromatography. A comparison of the electrochemical system with respect to Fenton`s and Photo-Fenton reaction was also performed.
INTRODUCTION
In Chile, the treatment of textile wastewaters is governed by the Chilean standard 1 : DS MOP 609 (2005) , which is only focused on four parameters: solid waste (luff), temperature, foam and pH. The final color of the water is not considered. Color in water is a consequence of small quantities of dyes, interfering with transmissions of sunlight into natural streams. Azo dyes and their intermediate products, such as aromatic amines, are toxic to aquatic life; carcinogenic and mutagenic to humans 2, 3 . For these reasons, dyes must be removed from textile wastewaters before being discharged.
In the last decade, the electrochemical technology has been largely developed as an alternative use in the remediation of organic pollutants in wastewaters, due to environmental compatibility and high energy efficiency. Electrochemical procedures as Electro-Coagulation (EC) 4, 5 , Electrochemical Oxidation (EO) 6, 7 , Electro-Fenton (EF) and photoassisted systems like Photo Electro-Fenton (PEF) and Photoelectrocatalysis 11 have been classified as electrochemical advanced oxidation processes (EAOPs) 12, 13 . By EF and PEF the dyes are degraded by the • OH radicals generated by Fenton's reaction [14] [15] [16] . This radical is the second strongest oxidant known after fluorine, with high standard potential (E 0 = 2.80 V vs. SHE) that ensures its fast reaction with most organics, giving dehydrogenated or hydroxylated derivatives up to complete conversion into CO 2 . The generation of
• OH occurs from the reaction between H 2 O 2 activated in acidic effluents with Fe 2+ ion as catalyst (Fenton's reagent). It has been reported that H 2 O 2 can be accumulated in aqueous medium from the cathodic reduction of dissolved O 2 gas 17, 18 at carbonaceous electrodes with high surface area [19] [20] [21] [22] [23] [24] . The corresponding twoelectron reaction with E 0 = 0.68 V vs. SHE can be written as follows:
which takes place more easily than the four-electron reduction of oxygen gas to water (E 0 = 1.23 V vs. SHE). The EF treatment of wastewaters involves the continuous generation of H 2 O 2 from dissolved O 2 directly injected as pure gas or air, which is efficiently reduced at different cathodes [22] [23] [24] [25] 
Reaction (2) can be propagated indefinitely due to the reversible behavior of the Fe 3+ / Fe 2+ couple. On the other hand, in photoassisted EAOPs based on the photochemical and/or photocatalytic action of UV irradiation, the intensity and wavelength of the incident light play a significant role on the destruction rate of organic pollutants. The PEF method consists in the simultaneous use of electrogenerated H 2 O 2 in the presence of Fe 2+ (EF conditions) and UV illumination of the solution to mineralize the pollutants. The action of this irradiation is complex and can be described by: (a) the increase in the production of hydroxyl radical from photoreduction of Fe(OH) 2+ and (b) the predominant Fe 3+ species in acid medium and/or the photolysis of complexes of Fe(III) with generated carboxylic acids, as shown Eq. (3) and (4), respectively.
The enhancement of the degradation rate of this process respect to the EF (when the solution is irradiated) is well recognized 26, 27 . Among the dyes commonly used in Chile, we can find the Acid Violet 7 (AV7) and Reactive Black 5 (RB5) (Fig. 1) . Both dyes belong to the group of azo compounds. In the literature, is possible found different no electrochemical methods used for the degradation of AV7 and RB5 by Fenton or Fenton like reaction and photochemical treatment [28] [29] [30] [31] [32] . However, under these methods, the mineralization does not exceed 80% even in long times of reaction, they use low dye concentrations and in some cases they establish a direct relationship between mineralization and decolorization.
In the present work, the indirect oxidation of azo dyes AV7 and RB5 using EF and PEF procedures is shown. Determinate the best experimental conditions to destroy completely these compounds in aqueous solution and compare the efficiency of both methods respect classic Fenton reaction. Intermediates carboxylic acids were detected by ion exclusion chromatography. Efficiency of mineralization and kinetic analysis were evaluated for each process.
MATERIALS AND METHODS

Chemical and reagents
Chemicals, Acid Violet 7 (AV7, dye content 40% Color Index Number 18055) and Reactive Black 5 (RB5, dye content 55% Color Index Number 305462) were purchased at Aldrich and were used as received. Na 2 SO 4 , FeSO 4 *7H 2 O, H 2 SO 4 , H 2 O 2 and NaOH (Merck p.a) were also used as received. Double distilled water (conductivity < 6 mS) was used to prepare all aqueous solutions. Dye solutions were prepared by dissolving 25 mg of AV7 and/or RB5 in 100 mL of 0.1 M Na 2 SO 4 , used as supporting electrolyte. Solution pH was adjusted to the desired value by addition of drops of H 2 SO 4 or NaOH concentrated solutions. pH was measured using an EXTECH Instrument 321990 pH-meter.
Apparatus and analytical procedures
The galvanostatic experiments were performed using a one compartment cell of 100 mL with a WENKING POS 75 potentioscan (Resistance 1W). The system includes a heat exchanger and a magnetic stirrer. A glassy carbon mesh electrode (CH Instrument) was used as a cathode and a concentric outer steel mesh as an anode. O 2 gas (99.99%, Indura S.A) was bubbled in the solution during the electrolysis. The electrolytic media was 0.1 M Na 2 SO 4 . All experiments were made at 35ºC in concordance with Boyle et al 33 . Color removal was monitored by spectrophotometric measurements evaluating the absorbance decrease in the UV-Vis spectra, using a Cary 1E Varian spectrophotometer. The percentage of color removal during the treatment of dyes wastewaters was determined by the expression: (5) where ABS 0 M and ABS t M are the average absorbances at time 0 and t, respectively, at the maximum visible wavelength of the wastewater (l max : 517 nm for AV7 and 594 nm for RB5, Fig. 1 ).
mm PTFE filters from Biofil and then analyzed in order to determine the concentration decay of each dye by HPLC and determine the presence of carboxylic acids by ion exclusion chromatography. The dyes concentration were followed by reversed-phase HPLC chromatography using a VWR Hitachi HPLC liquid chromatograph fitted with a Purospher Star RP-18 5 mm, 250 mm x 4.6 mm (i.d.), column, at room temperature, and coupled with a VWR Hitachi L-2455 photodiode array detector, which was selected for each compound at the maximum wavelength of its UV-absorption band (l = 517 nm for AV7 and l = 594 nm for RB5). Different concentrations of dyes were prepared and evaluated in the chromatograph. Calibration curves for each dye showed the follow linear regressions: 
RESULTS AND DISCUSSION
Electro-Fenton process
The mineralization of AV7 and RB5 was studied by electro-Fenton process under different experimental conditions in order to investigate the influence of operative parameters (Fe 2+ concentration, applied current and pH) on color removal (%), TOC decay (%) and mineralization current efficiency (MCE). a) Fe 2+ concentrations. Since a quick regeneration of the Fe 2+ ions by reduction of Fe 3+ at the cathode occurs in EF method, it is important to determine the minimum concentration need to obtain a high reaction rate for the dye degradation. Figure 2A shows the effect of Fe 2+ concentration in the decolorization of AV7 solutions. In the absence of ferrous ions, after 60 min at 200 mA in pH 3 (curve 1) 8-10% decolorization was reached. This base level of reaction in the absence of Fe 2+ could be achieved to O 2 reduction on the cathode, generating H 2 O 2 , which continues reacting at the cathode plus some anodic reaction of the dyes. In the presence of Fe 2+ ions, decolorization of the solutions is observed even at low Fe 2+ concentration. For example, at 30 minutes of electrolysis at 200 mA in pH 3, the color removal was close to 40% for 0.01 and 0.05 mM Fe 2+ (curve 2 and 3). At 0.1 mM Fe 2 SO 4 (curve 4) the decolorization reaches the maximum values at short times (90% at 30 min). Similar results were observed at 0.5 mM Fe 2+ (curve 5). On the other hand, in agreement with other authors 9 , at 1.0 and 2.0 mM in Fe 2+ further improvement in dye removal (curves 6 and 7) are not brought about, this phenomena could be related to a decrease of hydroxyl radical caused by an excess of ferrous ions. Parallel reactions could be occurring at low and high concentrations of Fe 2+ 35 , the MCE did not exceed 30%. Consequently 0.1 mM of Fe 2+ is selected as optimum value for further experiments. b) Applied Current. As it is known, the electrical current is the measure of the reaction rate in an electrochemical reaction, and the maximum reaction rate is the diffusional control. In this sense, it is important to optimize the applied current in order to achieve a quickly decrease in color and mineralization to CO 2 by applying the smallest possible current. That is, avoid forcing both the system and parallel reactions consuming part of the applied current. The influence of applied current on the degradation of both AV7 and RB5 dyes was studied in the range of 50-350 mA and the results are illustrated in Fig  2B for AV7 . Two groups of curves depending on the applied current value were observed, being 200 mA the critical value (Fig. 2B) . Considerable enhancement of the decolorization is observed for currents equal or higher than 250 mA, specially at initial time, associated with high generation of H 2 O 2 and the subsequent increase of hydroxyl radicals from Fenton`s reactions. Finally, applied current of 250 mA were used in the following experiments. The mineralization was followed from decay of total organic carbon (TOC) using a Teledyne Tekmar Phoenix 8000 and the percentage of TOC decay was calculated from the equation: (6) where DTOC t is the removal organic carbon (DTOC t = (TOC 0 -TOC t ) in mg L -1 ) at electrolysis time t, and TOC 0 is the initial value before treatment. The mineralization current efficiency (MCE), was estimated by TOC decay using the expression 8 (7) where n is the number of electrons consumed in the mineralization reaction by mol of VA7 or RN5, F is the Faraday constant (96,487 C mol 7 is a numerical factor for unit homogenization (3600 s h -1 x 12.000 mg of C mol -1 ), m is the number of carbon atoms in dye molecule (m= 20 and 26 for AV7 and RB5, respectively), I is the applied current (A) and t is the electrolysis time (h). The n-value for AV7 was taken equal to 112 considering the overall mineralization reaction of AV7 leading to carbon dioxide, sulfuric and nitric acids, according to: 
Samples extracted from electrolyzed solutions were filtered with 0.45 c) pH. A direct pH effect was observed for the electro-Fenton process in the oxidation of AV7 and RB5. The higher decolorization of the solutions was reached at pH 3, as it is shown in Fig.3 for 250 mg L -1 of RB5. These values are in agreement with the results of other authors � , due to it is known that at pH 2.8, the production of
• OH in homogeneous medium reaches a maximum in the Fenton`s reaction. Thus, the initial pH of samples treated by EF in this work was always regulated to a value near 3.0 to ensure the fastest generation of homogeneous
• OH. ions, I = 250 mA , pH 3. As can be seen, the decolorization of both dyes solutions is quickly reached, exceeding 80% of color removal at 30 min. After 60 min of electrolysis, the decolorization of the solutions is almost complete (98%). During the electrolysis it was observed that together with the decolorization, the solution attained a clear-yellow color after 20-25 minutes, which was more intense for RB5 than for AV7. That coloration can be associated with the accumulation of highly conjugated aromatics by-products and small carboxylic acids 31 . Note that at 30 min the TOC decay is very small in spite of the color removal is close to 80%. In fact, Fig. 4B shows an induction time for TOC decay near to 20 min. Ion exclusion chromatograms of the solutions at 20-30 min exhibited peaks associated with carboxylic acids generated during the electrolysis, with retention times (r t ) are: oxalic (r t = 6.62), citric (r t = 7.86), malic (r t = 8.91) and oxamic (r t = 9.6 min). Citric and malic acids could be formed from the oxidative cleavage of benzenic moiety. Oxamic acid could be produced from the oxidation of the azo, amine and amide groups present in both compounds. Oxalic and oxamic acids are ultimate carboxylic acids that are directly transformed into CO 2 . Fig. 5A and 5B evidence the accumulation of carboxylic acids during electrolysis of AV7 and RB5 solutions respectively during the EF treatment, which are rapidly removed to disappear in 60-70 min of electrolysis. A comparison of color removal and TOC decay during the electrolysis evidences that the mineralization of the solutions occurs more slowly than decolorization, in agreement with the presence of the carboxylic acids as intermediates. Note that the maximum concentration of carboxylic acids occurs at time near to the induction time in Fig. 4B which confirm the hypothesis about the difference in plot A and B of Fig. 4 .
Clearly, this is observed in Fig.4 -B, where after 30 min of electrolysis the color removed is near 80% and TOC decay only 10%, still evidencing the presence of organic substances. This behavior can be accounted for considering the reaction between
• OH and C-N-N bond, which cause the solution to fade and generate colorless by-products at short times. Thus, in agreement with the mechanism proposed by other authors � , the first step in the oxidation of AV7 and RB5 should be the cleavage of the azo group to form colorless intermediates (mainly carboxylic acids and small carbonyl species). Finally, the solutions achieve a pale yellow color and the TOC decay is greater than 40% at 70 min of electrolysis, confirming the conversion of dyes into CO 2 . The MCE is 81 and 74% for AV7 and RB5, respectively.
Photo electro-Fenton process. When the electrochemical system is irradiated with UVA radiation, increases the decolorization of AV7 and RB5 with respect to EF method. As can be seen in Figure 6 for both dyes, the color removal is greater than 95 % at only 30 minutes of electrolysis. The TOC decay is faster than in the EF process, without show an induction time as in Fig. 4-B. A possible reason could be the photodecarboxylation by UV light of Fe(III)-oxalate complexes (Eq.(4). Is well-known that those complexes cannot be destroyed by hydroxyl radicals 38 , but in the presence of UV radiation is favored the photolysis of Fe(III) complexes with carboxylic acids (Fe(OOCR) 2+ ) generated in this process, allowing reach almost the 100% of mineralization at 70 minutes. In Table 1 are compared the characteristic parameters of both processes showing in PEF process the effectiveness of UVA irradiation in the mineralization of dyes with MCE of 97% for AV7 and 95% for RB5 confirming that in the mineralization PEF process is more efficient than EF method. In the same sense, in the %TOC decay-time plot a change in slope is observed at nearly 30 min evidencing again that there is just a step where the
• OH reacts firstly with the azo group to form intermediates which are quickly oxidized in successive steps. In agreement with other authors 39, 40 , the use of radiation UVA at EF systems considerably increase the mineralization of organic pollutants since it favors the generation of homogeneous
• OH and the photodegradation of complexes of Fe(III) with organics. When the solutions were irradiated by UVA, the decolorization and mineralization increased mildly as shown in Table 1 .
Rate constant (k) determination. Concentration decay curves of the dyes as a function of the electrolysis times were obtained by HPLC experiments were a peak with retention time (r t ) of 4.4 min was observed for RB5 and F ҂ -3.8 min for VA7. For each dye, a decrease in the peak intensity with the electrolysis time was observed.
Degradation of organics by EF process follows a pseudo-first order reaction 41 with a rate expression of dyes in reaction with • OH (supposing the quasi-steady-state assumption of 
where k obs and k app are the intrinsic and apparent rate constants, respectively. The k app were evaluated from consumption of dyes under optimum electrolysis conditions and the results also are shown in Table 1 for each method used in this work and correspond to the slope of the integrated form of Eq. 13, this is by plotting Ln ([dye] 0 /[dye] t ) against time.
As can be seen, the apparent rate constant values increase for both dyes with UVA radiation, in concordance with the efficiency of the process in the • OH generation.
In the case of AV7 the apparent rate constant increases 1.7 times by PEF respect to the value obtained in EF, whereas for RB5 the increase was 2.4 times with UVA radiation. In the case of experiments of Fenton and Photo Fenton, the k app values were 3.5 times lower than electrochemical procedures for both dyes. Moreover, by EF and PEF methods we obtained a complete mineralization and decolorization of solutions while by no-electrochemical methods a partial decolorization and mineralization was observed (Table 1) .
CONCLUSIONS
Mineralization and decolorization of Acid Violet 7 and Reactive Black 5 by electro-Fenton and Photo electro-Fenton using a vitreous carbon electrode cathode and an anode of steel mesh was almost total in short times. The Photo electro-Fenton process was more efficient, both in decolorization and mineralization of solutions, with respect to electro-Fenton method, due to the generation of more amounts of
• OH induced from reaction (Eq. 3) by the UVA irradiation and by the photodecomposition of Fe(III) complexes with byproducts allowed the almost total mineralization of both dye solutions. The PEF treatment showed more than 90% removed of TOC of the dye solutions at 70 min.
Finally, in the degradation process we want to emphasize that the decolorization of the solutions giving yellow pale color containing organic intermediates (carboxylic acids) that finally are completely transformed to carbon dioxide. Secondly, in the studied process, EF and PEF is not need to added hydrogen peroxide because this is generated in the cathode, and a small amount of catalyst Fe 2+ is necessary. Finally the complete mineralization of studied dyes occurs in short times with high efficient currents.
